Crosslinking the rotor to lipids apparently arrested rotational mobility required for moving Na + ions back and forth across the membrane. The site of crosslinking was analyzed by digestions of the substituted POPC using phospolipases C and A 2 , and by mass spectroscopy. The substitutions were found exclusively at the fatty acid side chains, which indicates that cE65 is located within the core of the membrane.
4 mixture to be located in the core of the membrane (24) . In a model derived from a secondary NMR structure of subunit c from P. modestum (25) , cE65 was placed closer to the membrane surface, explaining numerous data on the direct accessibility of this Na + binding residue from the aqueous environment (26 -28) .
In order to test these two hypotheses experimentally we took advantage of the fact that cE65
is specifically modified with dicyclohexylcarbodiimide (DCCD). We have chemically synthesized a carbodiimide derivative with a photoactivatable diazirine ring, modified cE65 accordingly and analyzed the crosslink products formed upon illumination in reconstituted proteoliposomes. We show here that crosslinking occurs specifically with the fatty acid side chains of the phospholipids, demonstrating the location of cE65 to be in the core of the cytoplasmic membrane.
EXPERIMENTAL PROCEDURES

Materials-Solvents and chemicals were purchased from Fluka, Switzerland. 4 -[3-
(trifluoromethyl)-3H-diazirin-3-yl]benzyliodide was prepared as described (29) . D i-bisphenylmethylcarbodiimide was a gift from Brian Beechey.
POPC was purchased from Avanti Polar Lipids (Alabaster, AL). HPLC grade chloroform was supplied by Amtech-Chemie, Switzerland. Fractogel TSK-DEAE-650 column material was purchased from Merck. Bio-Beads SM-2 (polystyrene beads) were from Biorad. Phospholipase C and phospholipase A 2 were purchased from Sigma.
General methods-Thin layer chromatography was performed on Merck silica gel 60F-254
plates. Intermediates and carbodiimides were detected by fluorescence quenching in UV-light (254 nm) or with a carbodiimide reaction spray (30) . Flash chromatography was performed with
Merck 60 (0.04-0.063 mm) silica gel in various solvent mixtures. UV spectra (λ max in nm (log e))
were recorded in a 1 cm quartz cell. IR spectra were recorded from a 3% CHCl 3 solution. 1 H-5 NMR (300MHz) and 13 C-NMR(75MHz) were recorded on a Varian Gemini system. Chemical shifts δ are in ppm and coupling constants J in Hz.
Chemical synthesis of carbodiimides-All the applied carbodiimides were synthesized by reaction of iminophosphoranes with isocyanates (31, 32) . N, N'-Dibenzylcarbodiimide (33) and N-benzyl-N'-cyclohexylcarbodiimide (34) have already been described. The synthesis of the diazirine derivative of N-benzyl-N'-cyclohexylcarbodiimide (4, Diazirine-BCCD) is shown in Fig. 1 and described in detail below.
Synthesis of 4 -[3-(trifluoromethyl)-3H-diazirin-3-yl]benzyl azide ( 2)-A solution of 4 -[3-
(trifluoromethyl)-3H-diazirin-3-yl]benzyliodide (1, 200 mg, 0.613 mmol) in 6 ml MeOH was treated with NaN 3 (87 mg, 1.38 mmol) and stirred for 4 h at 40°C in a water bath. The reaction mixture was allowed to cool to room temperature and the solvent was evaporated in vacuo at a temperature below 30°C. Flash chromatography was performed in hexane:ethylacetate (6:1). The residue was briefly dried in vacuo to yield 140 mg (95%) of (2). were taken at various times and diluted to 1 ml of the assay mixture.
Synthesis of N -4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzyl-N'-cyclohexyl-carbodiimide
7 each cycle. In order to gain unilamellar vesicles of defined size, the suspension was passed 20 times through a 100 nm membrane using a liposome extruder (LiposoFast Pneumatic, Avestin, Canada). After this procedure, the completely clarified solution was stored at 4°C.
Reconstitution of purified F 1 F 0 ATP synthase in POPC vesicles-For the reconstitution, the preformed liposomes were treated with Triton X-100 to favor the insertion of the ATP synthase into the vesicle membrane. Afterwards, the detergent was removed by adsorption to polystyrene beads. Typically, 2 ml of the liposome suspension (10 mg/ml) was mixed with Triton X-100 and 
ATP-dependent H
+ -uptake into proteoliposomes-ATP-dependent H + -transport into proteoliposomes by reconstituted P. modestum ATP synthase was measured as described (36) .
The quenching of ACMA fluorescence was monitored with a RF-5001PC spectrofluorometer (Shimadzu) using excitation and emission wavelengths of 410 nm and 480 nm, respectively. (Table 1) .
Based on these observations, a number of carbodiimide derivatives, including one with a photoactivatable diazirine ring were synthesized and assayed for specific interaction with cE65.
As summarized in Table 1 , the N-benzyl-N'-cyclohexylcarbodiimide derived Diazirine-BCCD (4) inhibited the ATPase in a Na + -protectable manner, similarly as N, N'-dibenzylcarbodiimide and N-benzyl-N'-cyclohexylcarbodiimide, indicating that these compounds react specifically with cE65. All the following crosslinking experiments were accomplished with Diazirine-BCCD (4).
Crosslink formation between substituted cE65 with subunits a or c-Subunit c substituted with a carbodiimide is expected t o rotate by ATP hydrolysis until this is blocked by steric interferences with the a subunit. Hence, if a diazirine substituent on cE65 came into close contact with subunit a, an a-c crosslink product should be formed upon illumination. This was first analyzed with the modified ATP synthase in Triton X-100 micelles by SDS-PAGE and Western blotting with polyclonal antibodies against subunits a or c. The main crosslinking products that specifically formed upon illumination were a c-multimer, probably a dimer, and an a-c adduct.
However, formation of the a-c adduct was independent of ATP addition. This situation did not change by varying the concentration of the crosslinker, the incubation time, or the temperature during incubation or illumination, which indicates that the diazirine substituent on cE65 does not form close intramolecular contacts with subunit a, following ATP-driven rotation of the c-ring (data not shown). We attribute the a-c products to temporary intermolecular interactions between a and c subunits of two different ATP synthases. This conclusion was corroborated by the lack of any a -c crosslink formation if the same experiments were performed with ATP synthase reconstituted into proteoliposomes (see below).
Reconstitution of the ATP synthase from P. modestum into liposomes prepared from synthetic
phospholipids-To investigate crosslinking between the substituted subunit c and phospholipids it was advantageous to use phospholipids with defined chemical structures. The F 1 F 0 ATP synthase was therefore reconstituted into proteoliposomes consisting of POPC. Retention of enzyme function during reconstitution was shown by measuring ATP hydrolysis (data not shown) and proton pumping activities (Fig. 3) .
The ATPase activity of reconstituted proteoliposomes was severely inhibited after modifying part of the cE65 sites with the photoactivatable Diazirine-BCCD (4), quite similar to the inhibition of the detergent-solubilized enzyme ( Table 1 ). The modification was without effect on the Na + in / 22 Na + out exchange activity in accordance with previous results with the DCCDmodified enzyme (26) . After irradiation of the sample, however, the sodium exchange activity decreased significantly to levels that are typically found in control liposomes without enzyme (Fig. 4) . The Na In the irradiated sample, the main peak is of m/z = 9851, corresponding to the mass calculated for subunit c modified with Diazirine-BCCD (4) crosslinked with POPC. Upon irradiation, the diazirine group was apparently completely decomposed because no peak with m/z = 9119 corresponding to subunit c with attached Diazirine-BCCD (4) was found and instead the peak with m/z = 9133 could indicate photoinduced addition products with H 2 O and/or formic acid. The small peak at m/z = 9731 is likely to arise by degradation of the subunit c/POPC conjugate during MALDI. These results thus indicate that in the membrane-bound ATP synthase the cE65 residues within the c subunit ring which are accessible to the Diazirine-BCCD (4) are exposed towards the phospholipid environment.
Crosslink formation of the modified subunit c with POPC could involve either the fatty acid side chains, the glycerol moiety or phosphocholine depending on the membrane topography of cE65. The approach used to discriminate between these possibilities is illustrated in Fig. 7 . For this purpose, the crosslinked product was digested with either phospholipase C or phospholipase These results show clearly that the crosslinking occurs exclusively with the fatty acid side chains of the phospholipids and hence that cE65 is localized within the fatty acid-containing core of the membrane (Fig. 8 A) .
DISCUSSION
Considerable data accumulated over the years that the F 0 subunits a and c n together make up the membrane embedded rotary motor of the ATP synthase with the c n ring rotating versus subunit a (26, 27, 6, 41) . Evidence is also available that this rotation and the translocation of the coupling ions across the membrane are intimately associated events so that one cannot occur without the other. Essential insights into this model have been derived from the Na + translocating F 1 F 0 ATP synthase from Propionigenium modestum, which provides unique experimental approaches to follow the translocation of the coupling ions across the cytoplasmic membrane.
Each c subunit of the P. modestum ATP synthase carries a Na + binding site with ligands contributed by Q32, E65, and S66 (22) . This site becomes transiently occupied with Na + during its translocation across the membrane. Evidence indicates a Na + -selective subunit a channel, which connects the adjacent rotor site of c 11 with the periplasmic surface, whereas rotor sites not in contact with subunit a have direct access from the cytoplasmic compartment (one channel model, 10). This view is consistent with the ATP-dependent occlusion of 1 Na + per ATP synthase with a Na + -impermeable a subunit channel (26, 27, 42) and it is also consistent with the catalysis of Na + in / 22 Na + out exchange by F 1 F 0 of P. modestum (26) . As has been pointed out previously (44), these observations are not compatible, however, with models proposing two half channels in subunit a (two channel model, 11) through which the rotor sites communicate with the two different sites of the membrane. Another important difference is that the model for torque generation by the F 0 motor proposed in (10) is the only one which takes the essential role of the membrane potential into account (26, 28) .
Here, we synthesized a photoactivatable carbodiimide (Diazirine-BCCD, 4), which reacted specifically with cE65. Partial modification of the rotor sites with this compound blocked ATP hydrolysis and Na + pumping but not Na + in / 22 Na + out exchange, as expected. Upon illumination, however, the exchange activity was abolished which suggests that the rotor becomes immobilized through crosslinking to phospholipids. These proved to be the targets of the photochemical reaction and hence, the cE65 site which carries the photocrosslinker must be exposed towards the phospholipids. This is in accord with models in which the C-terminal helices of the c-subunits are on the outside of the ring (5, 43 ).
We clearly demonstrate that the crosslinker reacted exclusively with the fatty acid side chains of the phospholipids. This indicates that the topography of cE65 is within the core of the membrane. The length of the attached crosslinker is about 8 Å when fully extended and therefore the distance of cE65 to the glycerol moiety of POPC must be at least in the same range to explain the absence of crosslink formation with this portion of the molecule (Fig. 8 A) . This result is astonishing given the overwhelming evidence for direct access of cE65 from the aqueous compartment by Na + (44) . It is in good agreement, however, with an E. coli model of the topography of subunit c within the membrane (43), which is compatible with the structure of the c oligomer from yeast (5).
The location of the c subunit binding sites within the membrane core is also compatible with unpublished structural data on the c 11 oligomer from I. tartaricus. In this structure, a tightly associated inner ring comprising the N -terminal helices is surrounded by an outer ring comprising the C-terminal helices. The outer helices are positioned within the grooves formed by the inner ring of helices leaving enough space between them to form access channels for the coupling ions to reach the membrane buried cE65 residue from the aqueous compartment.
Hence, agreement has now been reached on the position of cE65 near the center of the membrane. This location however, by no means, decides in favor of the two-channel model. Our evidence for the direct accessibility of cE65 in case of the Na + translocating ATP synthase (see above) rather warrants a modification of the one-channel model as shown in Fig. 8 B. Based on the findings presented here and elsewhere we propose that Na + ions enter the a subunit channel from the periplasmic reservoir and pass through it onto the adjacent rotor site which is near the center of the membrane. From this position, the ion passes towards the cytoplasmic surface through a channel formed between an inner and two outer helices of the c 11 ring after the rotor has turned the site out of the interface with the a channel. According to this new concept, one may want to term our model the 1a+11c-channel-model rather than the one-channel-model. yl]benzyl-N'-cyclohexyl-carbodiimide; DEAE, diethylaminoethyl; ACMA, 9-amino-6-chloro-2-methoxyacridine; MALDI-TOF-MS, matrix assisted laser desorption and ionization time of flight mass spectroscopy; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis. buffer containing 5 mM MgCl 2 , 100 mM K 2 SO 4 , 100 mM choline chloride and 1 µCi carrier-free 22 NaCl to generate a ∆pNa + of ∼90 mV. The mixture was incubated at room temperature and samples were taken at the indicated times. After separating external 22 Na + by cation exchange chromatography, internal 22 Na + was analyzed by γ-counting (=). 22 Na + -uptake after treatment of the F 1 F 0 -liposomes with 100 µM cross-linker (4) In ATP synthesis, Na + ions following their electrochemical potential pass through the subunit a channel onto an empty rotor site at the a/c interface. Through the potential, rotation is biased to the right. After exiting the rotor/stator interface, the Na + ion dissociates through its individual rotor channel into the cytoplasm. 
FIG. 1: Synthesis of Diazirine-BCCD (4). Synthesis of N-4-[3-(trifluoromethyl)-3H-diazirin-
3-yl]benzyl-N'-cyclohexyl-carbodiimide (4) from 4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzyl iodide (1) via 4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzyldicyclohexylcarbodiimide; (b) N, N'-diphenylcarbodiimide; (c) N, N'-bis- dimethylphenylcarbodiimide; (d) N, N'-dibenzylcarbodiimide; (e) N-benzyl-N'- cyclohexylcarbodiimide; (f) N-4-[3-(trifluoromethyl)-3H-diazirine-3-yl]benzyl-N'- cyclohexylcarbodiimide (4).
